Creation of deep core holes with very short (τ ≤ 1 fs) lifetimes triggers a chain of relaxation events leading to extensive nuclear dynamics on a few-femtosecond time scale. Here we demonstrate a general multistep ultrafast dissociation on an example of HCl following Cl 1s → σ Ã excitation. Intermediate states with one or multiple holes in the shallower core electron shells are generated in the course of the decay cascades. The repulsive character and large gradients of the potential energy surfaces of these intermediates enable ultrafast fragmentation after the absorption of a hard x-ray photon.
Creation of deep core holes with very short (τ ≤ 1 fs) lifetimes triggers a chain of relaxation events leading to extensive nuclear dynamics on a few-femtosecond time scale. Here we demonstrate a general multistep ultrafast dissociation on an example of HCl following Cl 1s → σ Ã excitation. Intermediate states with one or multiple holes in the shallower core electron shells are generated in the course of the decay cascades. The repulsive character and large gradients of the potential energy surfaces of these intermediates enable ultrafast fragmentation after the absorption of a hard x-ray photon. DOI: 10.1103/PhysRevLett.116.213001 Absorption of a hard x-ray photon (> 1 keV) by a molecule containing elements of the third period or below may lead to the transfer of an electron from a deep shell to an unoccupied valence orbital or to its ejection into the continuum. The photoexcited or photoionized molecules with vacancies in deep core electron shells are highly unstable and short-lived. Their lifetime typically counts only about 1 femtosecond (fs) or a few hundreds of attoseconds [1, 2] . These deep core-hole states relax by emitting a photon, an electron, or often several electrons in a cascade process, thus producing multiply charged ions, which fragment rapidly.
Because of those Auger cascades, absorption of just a single hard x-ray photon may lead to the loss of multiple electrons. Thus, for example, Ar 7þ and Cl 6þ can be produced by exposure of Ar and HCl gas to ∼3 keV weak-field synchrotron radiation [3, 4] .
At the same time as electronic relaxation occurs, nuclei begin to move. The phenomenon of the so-called ultrafast dissociation (UFD) is known to compete with Auger decay in neutral highly excited molecular species produced by soft x-ray absorption, when an electron from a shallow inner shell is promoted to a strongly antibonding unoccupied valence orbital [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The typical lifetimes of the states with shallow inner-shell vacancies (e.g., Br 3d [5] , O 1s [11, 12] , S 2p [14, 15] , Cl 2p [7] [8] [9] [10] ) are of the order of few fs, which is sufficient for the light nuclei to move significantly far from the equilibrium ground state geometry. Then, at the time when the inner-shell vacancy is filled by a valence electron, the molecule may be already dissociated. For deeper core holes, like Cl 1s, which can be created by hard x-ray radiation, the lifetime is too short to allow for extensive nuclear dynamics prior to electronic relaxation. As a result, even for the Cl 1s → σ Ã resonance with a strongly repulsive potential energy curve, the H-Cl bond can elongate on this time scale by not more than just a few picometers [1] . However, in interpreting such hard x-ray data it is important to consider that creation of deep electron vacancies initiates a cascade of relaxation events that occurs on a time scale of several femtoseconds and allows for dissociation. Signatures of UFD were observed following deep core-electron excitation for the third row hydrides, such as HCl and H 2 S, in 1998 by Hansen et al. [3] by monitoring the formation of a significant amount of neutral hydrogen (40% and 30%, respectively) on resonance. Even much earlier in 1978 [16] a group of very narrow fluorescence lines was observed following S 1s core-hole creation in SF 6 and CS 2 , which were attributed to sulfur atomic transitions, but their nature was not understood at that time.
In this Letter, we show that the dominant channels of the first step relaxation processes (both radiative and Auger decays) following deep-core-hole excitation lead to intermediate states which bear 1 or 2 holes in shallower inner shells. The longer lifetime of these intermediate states and strong repulsive character of the corresponding potential energy surfaces allow remarkably very fast nuclear dynamics. As an example, we demonstrate that a strong multistep ultrafast dissociation (MUST UFD) is observed for HCl following promotion of the Cl 1s electron to the lowest unoccupied molecular orbital-σ Ã . A dominant KLLcascade path is depicted in Fig. 1 , where one can see the H─Cl bond elongation that begins in the initially produced excited state and evolves in every step of the cascade leading to abundant fragmentation. MUST UFD is predicted to be a rather general phenomenon.
The measurements have been performed on the GALAXIES beam line [17] at the 2.75 GeV SOLEIL synchrotron in France using hard x-ray photoelectron spectroscopy (HAXPES) end station [18] . In brief, the beam line delivers linearly polarized light, which is monochromatized by a Si(111) double crystal and focused by a toroidal mirror. The HCl sample was commercially obtained from Air Liquide with the purity of > 99%.
The resonant Auger spectra were recorded with a highresolution EW4000 Scienta spectrometer equipped with a wide-angle lens. The spectrometer is installed parallel to the light polarization vector. The electron spectrometer resolution is estimated to be ∼150 meV at 100 eV pass energy and the photon bandwidth is ∼250 meV around 3 keV. Auger decay spectra were recorded at the photon energies corresponding to the top of the Cl 1s → σ Ã resonance (∼2823.5 eV [1] ), as well as below the resonance and above the Cl 1s ionization threshold (2813 and 3900 eV, respectively).
To interpret the experimental results the Auger spectrum of the atomic chlorine was calculated. The excited bound states of the Cl atom were calculated by using the relativistic GRASP2K package [19] within an average level configuration interaction scheme. The matrix elements for fluorescence and Auger decay (together with continuum wave functions) were calculated using the REOS and AUGER components, respectively, of the RATIP program [20] . The fluorescence decay included dipole contributions only and the Auger decay was calculated within the two-step model. The transition cascades were assumed to start from 1s → 3p excited Cl. The atomic states were constructed as linear combinations of configuration state functions (CSFs) of the same parity and angular momentum. The CSF spaces at each step were constructed from all combinations of 2p m ð3s3pÞ n configurations, where m and n are defined by the ionic state.
Furthermore, bond elongation during the Auger cascades was simulated using a semiclassical approach [21] . In brief, classical trajectories reproducing the phase-space distribution of the vibrational ground level of HCl are started on the Cl 1s −1 σ Ã core-excited potential energy curve (PEC). The trajectories can then hop from one state to another according to the corresponding decay widths. The Cl 1s −1 σ Ã , 2p −2 σ Ã , 2p −1 ðVσ Ã Þ −2 core-hole lifetimes were fixed at 1 fs [1], 3 fs (see below), and 8 fs [22] , respectively. Statistical partial widths (Γ i ) were assumed at each step of the decay:
where g i is the degeneracy of the state i (spin and spacial symmetry) and k is the total number of states reached after the decay. In total 60 000 trajectories were calculated, which included 1s −1 σ Ã , 9 2p −2 σ Ã , and 84 2p −1 ðVσ Ã Þ −2 states. All PECs were computed at the CASSCF (13, 18) level as implemented in MOLPRO [23] with an aug-cc-pcvdz basis set [24, 25] . Relativistic corrections were included using the Douglas-Kroll Hamiltonian [26, 27] .
The decay of such a deep core hole is very complex, and occurs via a series of subsequent relaxation steps. In Fig. 2 we show a diagram of the dominant radiative and nonradiative decay processes. The recorded LVV spectra, which is a second step in the relaxation decay cascades, are presented in Fig. 3 .
In the HCl molecule, the leading relaxation decays of the Cl 1s −1 σ Ã state are Auger KLL (76% [28] ), KLM (13% [28] ), and radiative KL (or Kα) (10% [4, 29] ) channels. In this Letter we discuss mainly KLL and KL channels, which create Cl 2p −2 σ Ã and Cl 2p −1 σ Ã intermediate states, respectively. The latter can be created by direct soft x-ray absorption and have been extensively studied [7] [8] [9] . They are known to undergo UFD within the Cl 2p −1 lifetime of ∼8 fs [22] . The former double-core-hole Cl 2p −2 σ Ã states are yet exotic and can be also created as so-called "super"shake-up satellites of direct 2p −2 double-core-hole ionization [30] [31] [32] . The lifetimes of the double-core-hole states (τ DCH ) are predicted to be more than two times shorter than that of corresponding single-core-hole states (τ SCH ) [33] . The measured τ SCH =τ DCH ratios for Ne 1s and Ar 2p core [22] ).
The measured LVV Auger decay spectrum of HCl ( Fig. 3) following Cl 1s → σ Ã excitation can be divided into three main regions. (I) The kinetic energy region between 187-210 eV is exclusively formed by LMM1 hypersatellite lines, i.e., the Auger decays of the Cl 2p −2 σ Ã states, produced by the first step KLL Auger decay (see mixed contributions from LMM1; 2; α Auger decays and is superimposed on the normal Auger decay of HCl following simultaneous Cl 2p −1 ionization. From Fig. 3 one can notice that the intense sharp features are present through the entire LMM spectral region of HCl. In fact, there is a striking similarity of this spectrum with the LMM Auger decay spectrum of Ar following Ar 1s ionization (see, e.g., [36] ; Note: core-excited Cl atom Cl ½1s −1 3s 2 3p 6 is valence isoelectronic with Ar). Moreover, the calculated LMM Auger decay spectrum for the atomic Cl (bottom panel of the Fig. 3 ) mimics fairly well the LMM spectrum of HCl even though it does not include molecular decay contributions. There is a very good agreement for the hypersatellite LMM1 part. A somewhat poorer reproducibility of the LMM2 part is probably due to unaccounted electron correlation effects.
Atomiclike decay, which dominates all LMM channels of the HCl molecule following Cl 1s → σ Ã excitation, indicates that UFD is present in every LMM step before the next electronic relaxation takes place, including the hypersatellite of the Cl 2p −2 σ Ã double-core-hole state, whose lifetime is less than 3 fs (Fig. 2) . Molecular decays are expected to be broad and form the structureless background [7] [8] [9] [10] .
The calculated gradient of the PEC for the Cl 2p −2 σ Ã double-core-hole states is about 50% larger than that for the dissociative single-core-hole Cl 2p −1 σ Ã and 1s −1 σ Ã states (δE=δR ≈ −14.5, −10.5, −10.2 eV=Å, respectively) favoring even faster nuclear dynamics than that in Cl 2p −1 σ Ã , which were previously studied using soft x-ray photons [7, 9] . The calculated wave packet propagation dynamics confirm the possibility of UFD in the 2p −2 σ Ã doublecore-hole states of HCl before the LMM1 Auger decay occurs (Fig. 1) . The H-Cl bond distances beyond twice the equilibrium bond distance of the ground state (2R e ) are reached in about 6 fs. Remarkably, the bond elongation, occurring during the first step in the 1s −1 σ Ã state, increases the fraction of the wave packet propagating over ≥ 2R e on the 2p −2 σ Ã PEC in 6 fs by a factor of 2 (not shown here).
The energy gradients and lifetimes of the Cl 2p −1 ðVσ Ã Þ −2 states at the next step are comparable to or higher than that of the Cl 2p −1 σ Ã states of HCl. The wave packet then continues to propagate along the dissociative Cl 2p −1 ðVσ Ã Þ −2 PEC leading to even more abundant fragmentation. Assuming the bond dissociation limit of 2R e , semiclassical calculations predict the total fragmentation rate ∼50% and 41% in KLL and KL cascades, respectively, following Cl 1s → σ Ã excitation by hard x rays. In comparison, direct Cl 2p → σ Ã excitation by soft x rays is predicted to lead to ∼37% fragmentation in the LMM decay.
Above Cl 1s ionization threshold the sharp atomic lines, and hence UFD, are not observed for the hypersatellite LMM1 Auger decay (kinetic energy region > 175 eV, Fig. 3 ). The Cl 1s −1 core-ionized state is bound and its PEC is nearly parallel to that of the ground and Cl 2p −1 core-ionized states. The Cl 2p −2 double-core-hole state of HCl is dissociative but the energy gradients around the equilibrium geometry, reached after the nonradiative KLL decay, are more than twice smaller than that of the Cl 2p −2 σ Ã and hence the nuclear dynamics is too slow to allow for UFD. After 3 fs the H-Cl bond is elongated by 8 picometers and only ∼1% of the wave packet reaches the distance of 2R e in 10 fs. The triply ionized Cl 2p −1 V −2 core-hole states formed at the last step of the KLL-cascade are predicted to be strongly dissociative (δE=δR ∼ −9, −13 eV=Å, where latter corresponds to the states with 2 holes in valence nonbonding π orbital). However, the strong atomic lines are not observed for the LMM2 decay following Cl 1s ionization (Fig. 3) . This shows the importance of all the preceding steps of the cascade on the overall photo-induced nuclear dynamics. The dissociative deep-core-hole Cl 1s −1 σ Ã state with the lifetime of ∼1 fs is impetus to create the domino effect of the bond elongation in the following Auger cascades leading to abundant dissociation on a femtosecond time scale.
In conclusion, we have revealed MUST-UFD phenomenon in the HCl molecule following deep-core-electron Cl 1s excitation to the strongly antibonding valence unoccupied σ Ã orbital. MUST UFD leads to pronounced fragmentation at different steps of the following cascade decays. In particular, the intermediate Cl 2p double-corehole states of HCl with the lifetime of ≤ 3 fs are efficiently produced by the dominant KLL Auger decay channel and dissociate by emitting a neutral hydrogen atom before the next relaxation step occurs. Hence, our results can explain a significant production of neutral hydrogen at the Cl 1s → σ Ã resonance, previously observed by Hansen et al. [3] . MUST-UFD-like nuclear dynamics, i.e., significant displacement of nuclei from their equilibrium geometry within a few femtosecond time scale, is predicted to be rather general, because the dominant channels of the deep core-hole relaxation processes produce dissociative singleand double-core-hole states as well as multiply charged core-hole states. Recent theoretical studies show that the energy gradients of the double-core-hole (core −2 V) states can be very large. It was calculated to be 3 times larger compared to the core −1 V state in the case of H 2 O [32] . Therefore, nuclear dynamics is expected to be correspondingly faster in the core −2 V states.
This work opens a vast horizon for further ultrafast dynamics studies in the course of the cascade processes using hard x-ray spectroscopies. Coincidence energy-resolved measurements of ions and electrons would be advantageous to shed light on the competition between electron and nuclear dynamics in the complex cascade decay paths.
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